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Abstract 



The formation of deeply-bound antikaonic K /K^ nuclear states by nuclear {K , A^) reactions is 
investigated theoretically within a distorted- wave impulse approximation (DWIA) , considering the 



(N ■ isospin properties of the Fermi-averaged K + N ^ N + K elementary amplitudes. We calculate 
^ ! 

■ the formation cross sections of the deeply-bound K states by the {K~ , N) reactions on the nuclear 

^ . targets, ^^C and ^^Si, at incident K~ lab momentum p^-- = 1.0 GeV/c and ^lab = 0°, introducing 

I a complex effective nucleon number N^fs: for unstable bound states in the DWIA. The results show 

OO 
O 



that the deeply-bound K states can be populated dominantly by the {K~ , n) reaction via the total 
isoscalar AT = transition owing to the isospin nature of the K~ + N N + K amplitudes, 
and that the cross sections described by ReA'cfr and ArgA^^^fj enable to deduce the structure of the 
K nuclear states; the calculated inclusive nucleon spectra for a deep ^-nucleus potential do not 
show distinct peak structure in the bound region. The few-body K® [NN] and K® [NNN] states 
formed in N) reactions on s-shell nuclear targets, ^He, and ^He, are also discussed. 
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I. INTRODUCTION 



The antikaon-nucleon (A'A^)interaction in nuclei is very important to elucidate the nature 
of high dense nuclear matter . The attractive KN interaction in the isospin 7 = 

channel is sufficiently strong to produce a quasibound state A(1405) at about 27 MeV below 
the K~p threshold. This state is often described as a KN bound state decaying into the 
main vrS-channels with a width of about 50 MeV ^]. Such a KN interaction, together with 
the moderately attractive KN 1 = 1 channel, would give a strong attractive potential for the 
K in nuclei, leading naively to the existence of deeply-bound K nuclear states j^. Indeed, 
comprehensive analysis of the shifts and widths of K~ atomic X-ray data suggests strongly 
attractive K optical potentials, of the depth between 150-200 MeV at the nuclear center 
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Since the K~ atomic state is sensitive only to behavior of the K~ wave function at 
the nuclear surface, it is ambiguous to extrapolate smoothly to nuclear matter density, and 
it would be inconclusive 9|; see however 10|. Enhancement in K~ production by heavy ion 
reactions suggests a strongly attractive interaction HI although the recent analysis of details 



121 ] ■ The existence of the 



of the reaction mechanism leads to attraction of only —80 MeV 
deeply-bound K nuclear states would provide constraints on kaon condensation in compact 
stars and neutron stars [l3|; the equation of state (EOS) of nuclear matter is softened due 



to the appearance of the kaon condensation. 

Recent theoretical calculations have found that the i?-nucleus attraction amounts to 
110 MeV at normal nuclear density po, being constructed by the chiral SU(3) effective 
Lagrangian involving KN-tcY coupled channels [l^, whereas the K potential calculated self 
consistently has a relatively shallow depth of 40-60 MeV with a broad width of about 100 
3 Q, 16, 17|. We belive that more theoretical developments are needed in order to 



MeV 



describe a quasibound state having a broad width in the complicated nuclear medium. 

On the other hand, the production of the deeply-bound K nuclear states has been in- 
vestigated theoretically and experimentally for the forward {K~ , N) reaction, in order to 
search directly for signals of K nuclear bound states, as proposed by Kishimoto 13]. Ikuta 
et al. Il9l attempted to calculate the inclusive {K~ , p) spectra by the Green's function tech- 
using (energy-dependent) i^'-nucleus potentials by fits to the K~ atomic data 



nique 



Kishimoto and his collaborators 



2l[ performed experimentally the measurements 
for searching deeply-bound K nuclei by (in-fiight K~ ,N) reactions on ^^C and ^^O targets 
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in the PS-E548 experiment at KEIC 



3ut there was no clear evidence in both {K , n) and 



{K~ , p) spectra. Yamagata et al. [22, l23| also calculated the corresponding cross sections 
by {K~ , p) reactions on ^^C and ^^O targets, using K~ optical potentials based on Chiral 
unitary and phenomenological approaches, and showed the difficulties to find clear signals 
for K nuclear states due to their broad width, even if the bound states exist, within Green's 
function technique (23|. 
Akaishi and Yamazaki 
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25l ] predicted that the light K nuclear K ppn / K^pnn system 



with total isospin T = has a deeply bound state with a relatively narrow width, by 
over Bp^ = 108 MeV for which the main decay channel KN vrS would be kinematically 
closed. Thus its width becomes relatively narrow, about 20 MeV due to the isospin selection. 



Surprisingly, Suzuki et al. [26| reported experimentally evidence of the tribaryon S°(3115) by 
the ^He(stopped p) reaction, and the signal was interpreted as such a state. Although 



it was withdrawn [27|], the data analysis from the improved-statistics experiment E549 is in 
progress 3]. Is there such a narrow deeply-bound K state ? 

Recently, FINUDA collaboration at DA$NE 29| reported experimentally the evidence 
of a deeply-bound K~pp state in invariant mass spectroscopy by K~pp K + p decay 
processes from K~ absorption on ^Li, ^Li and ^^C at rest, where the measured energy and 
width are Bf^ = 115 MeV and F = 67 MeV, respectively. The three-body K bound 



state with a configuration of [K ® {A^A^} 



/=iJt=i/2 



30| is expected to play a fundamental 



role in constructing the various K nuclear bound states. This state is often called "A' pp" 



symbolically. Several theoretical works 31 



32 



mm, 



35 



36 



37 



supported the existence 
of the K^pp bound state: Yamazaki and Akaishi 31| predicted the binding energy of Bf^ = 
48 MeV and the width of Ff^ = 61 MeV for the K~pp bound state by a few-body calculation 



using ATMS method. Shevchenko et al. [32 , 



33| obtained B^ = 55-70 MeV and F^ = 95-110 



MeV for the K~pp bound state by a KNN-n'EN coupled-channel Faddeev calculation. We 
believe that the search for a deeply-bound K~pp state is one of the most important subjects 
to verify the reliable evidence of the deeply-bound K nuclei, and that this state might be a 
doorway for access to kaon condensation in neutron stars 39[. More experimental data are 
required in order to confirm clearly whether deeply-bound states exist or not. 

Very recently, Iwasaki et al. 40|] proposed a new experiment searching the deeply-bound 
K~pp state at J-PARC, by the missing-mass spectrum of the ^He(in-fiight K~ ,n) reaction, 
together with the invariant-mass spectra detecting all particles via decay processes (J-PARC 
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El 5). In a previous paper 4l|, we demonstrated the inclusive and semi-exclusive spectra 
of the ^He(in-fiight K~ , n) reaction at px- = 1-0 GeV/c and 6'iab = 0° within the distorted 
wave impulse approximation (DWIA), in order to see theoretically the expected spectra of 
;he ^He(in-fiight K~ ,n) reaction for preparing the forthcoming J-PARC E15 experiment 



3- 



Yamazaki and Akaishi 



42l ] also proposed the K pp formation via p + p + 



"A(1405)p" + K pp, assuming a A(1405)p doorway. Such & K pp experiment with 



43|. 



a ~4 GeV proton beam on a proton target is planned by FOPI collaboration at GSI 

In this paper, we investigate theoretically the (in-flight K~ , N) reaction for the formation 
of the deeply-bound K states on nuclei, within a distorted-wave impulse approximation 
(DWIA). One of our main purpose is to understand the formation mechanism for the deeply- 
bound K states by the nuclear {K~ , n) and {K~ , p) reactions, which would provide the 
selectivity of the isospin excitation in the K nuclear bound states. We discuss in some detail 
the isospin properties of the cross section by the nuclear {K~ , n) or {K~ , p) reaction on 
a ^^C target, together with the isospin-dependence of the ^-nucleus potentials which are 
suggest ed from the recent analyses of K~ / production in heavy ion reactions at KaoS 
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12|], and of ^2C(in-flight K", A^) reaction experiments (PS-E548) at KEK (2l|]. 



The outline of this paper is as follows. In Section [TTl we present the amplitudes and the 
cross sections of the forward K~ + N ^ N + K reaction, on the basis of the K~N elastic 
scattering amplitudes analyzed by Gopal et al. 4^. The isospin properties of the forward 



K~ + N N + K reactions are shown, together with Fermi-averaged K~ + N ^ N + K 
amplitudes which take into account the Fermi motion of a nucleon in the nucleus. In Section 
mil we discuss the formation of the deeply-bound K nuclear state by nuclear {K~ , N) 
reactions within the DWIA, introducing a complex effective nucleon number for the unstable 
bound states. We stress the importance of the kinematical effects in terms of the momentum 
transfer to a residual K nucleus for the {K~ , N) reaction, which differs considerably from 
hypernuclear production reactions by the nuclear (tt"*", K~^) and {K~ , K^) ones. We discuss 
the properties of the formation cross sections of the deeply-bound K~ states by the nuclear 
{K~ , N) reactions on the closed-shells ^^C and ^^Si targets at the incident K~ lab momentum 
Pk- = 1-0 GeV/c, and the isospin selection by the {K~, n) and {K~, p) reactions. In Section 
llVt we concentrate on isospin dependence of the relative cross sections for the deeply-bound 
three-body K ® [NN] and four-body K ® [A^A^A^] states in order to study the formation of 
light deeply-bound K states. Summary and conclusion are given in Section |Vl A derivation 
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of kinematical factors in the DWIA is given in in Appendices \M and [Bl together with the 
relation between the integrated cross section and the inclusive spectrum. Spin-isospin states 
for s-shell ^-nuclear systems are given in Appendix O 



II. THE (A-, N) REACTIONS 

A. The elementary reactions K~ + N ^ K + N and K~ + N ^ N + K 



Kishimoto [18|| suggested that the forward {K~, N) reaction on a nuclear target could 
result in a discovery of K nuclear states. This has triggered experimental and theoretical 
studies of the {K~ , N) reaction for searching deeply-bound K nuclear states. Because 
the forward K~ + N ^ N + K~ scattering amplitudes (^c.m. = 0°) in the cm. frame are 
equivalent to the backward K~ + N K~ + N scattering ones (6*^.01. = 180°), we considered 
the K~ + N K + N elastic and charge-exchange reactions, in order to understand the 
nature of the K~ + N ^ N + K reaction which is needed to calculate the production cross 
section by the nuclear {K~ , N) reaction within the DWIA. 

The cm. backward K~ + N K + N scattering amplitudes are equivalent to the 



18|. Thus, the cm. K' + N ^ N + K 



cm. forward K + N ^ N + K ones in free space 
amplitudes are given as 

fK-n^nK- i^c.m.) = fK-n^K-n{'^ ~ ^c.m.), 

fK-p^nKo{dc.m.) = fK-p^RO-ni'^ ~ ^c.m.), (l) 
fx^p^pK- {(^c.m.) = fK-p^K-p{T^ — ^c.m.), 

where the labels by K~n — > nK~ , K~p — > nK'^ and K~p pK~ denote the cm. backward 
cross sections for K~ + n ^ K~ + n, K~ + p — + n and K~ + p ^ K~ + p reactions, 
respectively; 6c.m. is the nucleon angle relative to K~ beam direction in the cm. frame. The 
cm. differential cross sections for the K~ + N ^ N + K reactions can be obtained by 

K-N^NK 

= \fK'N^NK{^c.m.)\ , (2) 



— (ft ' 



cm. 



for these channels. In Fig. [T], we show the cm. differential cross sections for the K~ + N ^ 
N + K reactions at the incident K~ lab momentum px- = 1.0 GeV/c, as a function of the 
scattering angle 9, together with the lab differential cross sections. The dashed and solid 



curves are the angular distributions of(da /dfl)^^^^^^ and {da / dQ)^-^^ n^nk^ respectively, 



which are obtained by Gopal et al 
al. 451]. These values are connected by the relation 46 ] 

niNPK-PN 



44| . The experimental data are taken from Conforto et 



Ek- +mN - E_ 



N- 



Pk- 



cosO 



lab 



(3) 



(da/dn)^-^^^^ PK-c.m.PNc.ra. \ ' PN 

where {pk-, E^-} and {pn, Ej\f} are lab momenta and total energies for the incoming K~ 
and the outgoing nucleon, respectively, and the quantities labeled by cm. subscript are in 
the cm. frame, m^r is the mass of a nucleon. The lab scattering angle ^lab satisfies 

Er-En — Ex-craENcm. + PK-c.m.PNc.ui. COS 6, 



COS 9 



lab 



Pk-Pn 



(4) 



where there is a kinematical focussing 46| of the lab cross section to a cone for the maximum 
angle = 7r/2, because mf^/nij^^ < 1 in the K~ + N ^ N + K reactions. 

FIG. 1 

In Fig.O we show the lab differential cross sections for K'+n — > n+K~ , K^+p — > n+K^ 
and K~ +p p+K~ reactions at 6'iab = 0°, as a function of the incident lab momentum. 
These values are maximum near Pk-= 1-0 GeV/c because of the existence of several S* and 
A* resonances in the 0.9-1.2 GeV/c region, e.g., 5ii(1750), L>i5(1775), 5oi(1800), Fo5(1820), 
etc. At Pk-= 1-0 GeV/c, thus, 

/ lab 

= 13.1mb/sr, for K~ + p 
= 9.4mb/sr, for K' 

FIG. 2 



- 



\dn 



K-N^NK 



24.5mb/sr, for K +n 



P 



■n + R-, 
n + K\ 
P + K-. 



(5) 



B. Isospin properties for the K + N ^ N + K reaction 

Now we introduce the s-channel isospin transition amplitudes // for the {K~ , N) re- 
actions, in order to clarify the isospin properties of these reactions. The amplitudes for 
K~ + n n + K~ , K~ + p — > n + and K~ + p ^ p + K~ processes have the relations 

fK-n^nK- = fl, (6) 

fx-p^nRo = ifi + /o)/2, (7) 
fx-p^pK- = {fl — /o)/2, (8) 



where /o and /i denote the s-channel isospin and 1 amphtudes for the {K~ , N) reactions, 
respectively. One has to notice that the definitions of Eqs. ([71 and ([8]) are interchanged for 
the {K~ , K) reactions, as given by Eqs. (9) and (10) of Ref. 18|. 

Considering the isospins ii + 12 ^ i'l + i'2 for the K~ + N ^ N + K reactions in the 
isospin algebra we can represent the t-channel forward two-body reaction amplitude 
/*^*) = ((^2^2)^1/1 (^i^'i)^) by expanding the s-channel amplitude // = {{i'ii'2)I\f\{iii2)I), so as 
to derive the isospin decomposition of the nuclear reactions: 




For the {K , A^) reactions, thus, we obtain 

/(°) = (/O + 3/l)/2 = fK-n^nK- + /x-p^nXO, (10) 
/^^^ = (/l — /o)/2 = fK'n~*nK- " fx-p^nKO = fx-p-^pR-, (H) 

where f^^^ and f^^^ denote (unnormalized) t-channel isospin and 1 amplitudes for the 
K~ + N N + K reactions, respectively. Note that these amplitudes correspond to it- 
channel isospin and 1 amplitudes for the K~ + N K + N reactions. The amplitudes in 
Eq. (fTTl) are related by isospin to the amplitudes of the neutron and proton reactions, 

fK-n^riK- = fx-p^nRO + fx-p^pR-, (12) 

which is easily verified by a combination of Eqs. ([6])- ([8]). The isospin relation between the 
amplitudes for [K^ , N) reactions is summarized in Table [B 

TABLE I 



C. Fermi-averaging in nuclear medium 

When we calculate the nuclear {K~, N) cross sections with the elementary K~ + N ^ 
N + K amplitudes Jk-n^nk^ it is important to take into account the Fermi motion of 
a struck nucleon moving with a Fermi-momentum pp ~ 270 MeV/c in nuclear medium 



47 



481], because a momentum transfer | 5' | — 200 MeV/c in the forward K + N ^ N + K 



reaction at px- = 1.0 GeV/c is scarcely smaller than the Fermi- momentum. Dover and 



Walker 



491] have pointed out that Fermi- averaging for K + N ^ K + N reaction acts 



considerably on the {K~ , K) inelastic cross sections; particularly, the effect appears near a 
narrow resonance, e.g., A(1520) at pk- ~ 390 MeV/c, because its width is smaller than the 
Fermi-motion energy of a struck nucleon. In the case of the nuclear {K~ , N) reaction, let us 
obtain the Fermi-averaged amplitudes which play an important role of calculating the cross 
section with the DWIA. 



According to the procedure by Rosental and Tabakin 47j, we perform the Fermi- averaging 



of the K + N N + K scattering T-matrix in the lab frame. Using the K N amplitudes 



by Gopal et al. [4J], we obtain the Fermi-averaged T-matrix for the lab momenta of 0.3-2.0 
GeV/c at 6'iab = 0°, which is given by 

as a function of the effective lab energy Ek-n = \/Pk- + "'^k- + a/p^ + "^at, where p and 
are the momentum and the mass of a struck nucleon in the nucleus, respectively, and 
X = Pk- ■ P- Here we use a lab momentum distribution p{p) of the struck nucleon with a 



sum of squares of harmonic oscillator wave functions [49| 

p{p) = Po (iVs + ^iVp(M') exp {-{bpf), (14) 

where A^^ and Np are the numbers of s- and p-shell nucleon, respectively, and po = (^/v^)^ 
with the size parameter b = 1.64 fm for ^^C. The resultant T-matrix is not so sensitive to a 
choice of the form of p{p) constrained by a comparable value of {p"^)^^"^, as shown in Ref. 49|. 
Thus, the Fermi-averaged forward amplitude in nuclear medium is given as 



fK-N-*NK{^°] 



Pn 

2vr \pk- 



tK-N-^NRm, (15) 



Ek- +mN - En{pk-/pn). 
where a participant nucleon involving a Fermi-averaged T-matrix is considered approxi- 
mately to be at rest in the target. In Fig. [3], we show the Fermi-averaged forward cross 
section for ^^C in the lab frame, 

/ , \ K-N^NK 

(^(0°)^^^ =\fK-N^NKm' (16) 

for K~ +n — ^ n + K~ , K~ +p — > n + K^ and K~ +p p+K~ channels. The nucleon Fermi- 
motion appreciably moderates the effects of resonances. The shape of the cross sections near 
1.0 GeV/c becomes sizably broader, and a narrow A(1520) resonance affects more strongly 
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the cross sections near 0.4 GeV/c. Even after the Fermi-averaging, there remains rather 
strongly energy-dependence for the K~ + N N + K reactions, and also their charge 



(isospin) state-dependence, as suggested by Rosental and Tabakin [47| . The absolute values 



of the Fermi-averaged forward cross sections at Pk~= 1-0 GeV/c are calculated by 

/ , \ K-N~*NK 

(^(0°)) = 13.9mb/sr, for K'+n-^n + R-, 

/lab 

= 7.5mb/sr, for K~ + p ^ n + , (17) 
= 3.5mb/sr, for K~ + p ^ p + K~ . 

We find that these values for K~ + n ^ n + K~ , K~ + p ^ n + and K~ + p ^ p + K~ 
are reduced by about 0.57, 0.57 and 0.37, respectively, in comparison with those for free 
space, Eq. ([5]). If we replace the T-matrix tj^-^_,j^j^ in Eq. ( fT3i) by \tK-N~*NK\ neglecting 
its phase, we find the values of 18.3 mb/sr, 11.3 mb/sr and 4.8 mb/sr for the corresponding 
Fermi-averaged cross sections at Pk~= 1-0 GeV/c, which would be equivalent to the Fermi- 
averaging for the differential cross sections instead of the T-matrices. This means that the 
resultant cross sections are further more reduced by the phase at this momentum region. 
When we do the Fermi-averaging for ^He ('^He) in the s-shell nuclei, we use b = 1.21 fm 
(1.38 fm) with A'p = in the momentum distribution p{p) in Eq. (IHl). We confirm that 
the calculated cross sections are not so changed by choosing the targets, e.g., ^^C or ^He, as 
discussed by Dover et al. [s^. 

FIG. 3 



In Figs, m and [H we show the Fermi-averaged lab amplitudes for s-channel isospin // and 
for t-channel isospin /*■*'', respectively. We shall employ these Fermi-averaged amplitudes 
Ik-n^nk the following calculations. 

FIG. 4 

FIG. 5 
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III. FORMATION OF THE DEEPLY-BOUND ANTIKAONIC NUCLEI 



A. Distorted-wave impulse approximation (DWIA) 



ear states for the nuclear (K, N) reaction has 



291 ] and theoretically 



0, Q: 



19 



23 



25 



4l| 



The formation of the deeply-bound K nuc 
been investigated experimentally 2l|, 

Iwasaki et al., 27|] have proposed the experiment searching the deeply-bound K^pp states 
by '^He(in-flight K~ , N) reaction at px- = 1-0 GeV/c and ^lab = 0°. In order to clarify 
these reaction mechanism, let us consider the nuclear {K~ , N) reaction for the formation of 
deeply-bound K nuclear states within the distorted-wave impulse approximation (DWIA) 



46 



51 



52 



53| . In Fig. El we illustrate a diagram of the nuclear A{K , N)j^B reaction 



with the impulse approximation; the final states in j^B will be unstable due to the strong- 
interaction decay processes by the one-body K absorption K~ / + 'W tt + S/A 
and the multi-nucleonic K absorption, e.g., K~ /K^ + ^^NN" T,/A + N, in the nucleus. 
In this paper, we focus on the formation stage of the deeply-bound K nuclear states via 
K~ + N ^ N + K processes on the nuclear targets. In a previous paper 4l|, we studied 
the inclusive and semi-exclusive spectra of the ^He(in-flight K~ , n) reaction at p^- = 1.0 
GeV/c and 6'iab = 0° for searching the deeply-bound K~pp states, and discussed briefly a 
kinematical factor for the K~pp states and the isospin excitation of their cross sections in 
the DWIA. Such formation reactions have an unique kinematics similar to the formation 



of T T, p and cu-nuclear bound states 



51 



52 



53 



55|, (7r,i^+) 




rather than h^ 



Dernuclear production by {K ,7r) 



59] and {R- , K+) [46 



60l | reactions, as we will mention 



below. 



FIG. 6 



The double-differential cross section for the formation of deeply-bound K nuclear states 
by the (K~ ,N) reaction at a nucleon direction angle 6'iab is given within the DWIA 20 



M 

as 



53 



41 



55l | , assuming a zero-range interaction for elementary K + N ^ N + K reactions. 



' y 



J2 \{^B\F\^A)\'Siu; + EB-EA) (18) 

Ma mB,B 
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with 



(19) 



where |^I/_b) and {"^a) are final states of the K nuclear states with total spin Jb and initial 
states of the target nucleus with total spin Ja, respectively. Xtv {PN,r, a) and x^-- (Pk- , 
denote distorted waves for an outgoing spin-(|,ms) nucleon with the detected lab momentum 
Pn and for an incoming K~ with the incident lab momentum px-, respectively. The 
operator On^ changes a j-th nucleon into the K in the nucleus; Jk-n^nk is the Fermi- 
averaged lab amplitude for the K~ + N ^ N + K reaction in nuclear medium, and /5 is a 
kinematical factor, as mentioned in Appendix |Al Here we consider only the non-spin-fiip 
processes, because we are interested in the cross section at the forward direction. In our 
previous paper 4l|], the formation cross sections for K~pp bound states were evaluated by 
the Green's function technique [2^. This technique can describe unstable hadron nuclear 
systems such as the S and H nuclear bound states very well, so as to compare theoretical 



60|. In K nuclear physics, the spectral calculations 



Hig 



21 



23 



spectra with experimental ones [55|, [59 
have been performed by several authors 
the K-nucleus system, a sum of the final states of Eq. (flSl) is written as 

. . 1 



4l|. Using Green's function G{uj) for 



\'^b)S{uj + Eb- Ea){^b\ 



IT 



-lmG{uj) 



(20) 



where u is the energy transfer to the residual B nucleus. Then the inclusive spectrum of 
the double-differential cross section in Eq. ( fT8l) is rewritten as 



dQivdE 



NU-^N/ lab 



/5(-)-Im 



TT 



^ j dr'drFl,{r')G^.^{uj-r\r)F^{r) 



[21] 



where r is the relative coordinate between the K and the core-nucleus. Fa{r) presents the 
^-nucleus doorway states excited initially as 



FJr) 



M, 



c 



(+), 



M, 



XN:mAPN,j^r,a)XK~[PK 



c 



B 



M, 



r)fK \4^N{r)\^A), 



(22) 



where {a \ipN{f)\'^A) is a hole-state wave function for a struck nucleon in the target, and a 
denotes the complete set of eigenstates for the system. The factors of Mc/Mb and Mc/Ma 
take into account the recoil effects, where M4, Mb and Mc are masses of the target, the 
^-nucleus and the core-nucleus, respectively. 
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B. Kinematics 



Now let us consider the kinematics for the {K , A^) reaction on a nuclear target. The 
momentum-energy transfers to the K nuclear bound states are given by 

q = Pk - Pn, (23) 

u = Ek- - En = Eb - Ea ^ mji - tun - - En + Trecoii, (24) 

where and rriN are masses of an K and a nucleon, respectively, and -B^ is an K binding 
energy measured from the ii'~+core- nucleus threshold, ^at is a single-particle energy of a 
nucleon-hole state in the target, and Trccoii is a recoil energy to the K nuclear bound state. 
The momentum transfer q into the residual nucleus B in the lab frame is very important 
for characterizing a nuclear reaction 

a + A^h + B, (25) 
where a, 6, A and B are the incident, the detected, the target and the residual parti- 



cles, respectively. Dalitz and Gal [6]| discussed the kinematics of the exothermic reaction 
{ma + Ma > fnb + Mb) such as K~ + N n + A for A-hypernuclear production with 
"substitutional" states due to the recoilless condition with g ^ MeV/c. Dover and his 



collaborators 



46 



56l | studied for the endothermic reaction {nia + Ma < rrib + Mb) such as 
TT + N ^ K~^ + A for A-hypernuclear production and K~ +N — * fC'^ + S" for S-hypernuclear 
production, leading to "spin-stretched" states due to a high momentum transfer q ~ 400- 
500 MeV/c. In the case of the {K~ , N) reaction, the momentum transfer at px- = 1.0 
GeV/c and ^lab = 0° becomes q ^ 200-400 MeV/c, depending on B^ in the K nuclear 



bound state 



221]. This situation seems to be similar to hypernuclear production by 
(tt, K'^) reactions [ol, but Ma > Mb is different from Ma < Mb occurred in hypernuclear 
production. Such a kinematical condition is often found in the (7, p) or (vr, p) reaction for 
searching the vr, 00, p-nuclear bound states js^. The kinematics for the {K~ , N) reaction 
differs completely from that for any hypernuclear production reactions, as we will discuss 
below; the momentum transfer g(0°) is negative, g(0°) = px- —pN < 0, because the detected 
nucleon momentum p^ becomes 1.2-1.4 GeV/c at the incident K~ momentum Pk-= 1-0 



GeV/c 41|. The negative value of g(0°) means that the residual K recoils backward relative 



to the incident particle K in the lab frame, as illustrated in Fig. El 
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Now we study the {K , A^) reactions on the ^^C target, following the helpful arguments 



by Dalitz and Gal 61|- In Fig- El we show the momentum transfer of ^(0°) = pk- —Pn in the 
{K~ , N) reaction on ^^C at ^lab = 0°, as a function of the incident K~ lab momentum Pk- - 



Similar figures drawing the momentum transfer would be found in several papers [18|, |22| . 
but Fig. [7] represents explicitly a sign of q{0°); the solid curve denotes ^(0°) for K binding 
energies with Bj^ = 0, 50 and 100 MeV in the nucleus. The dashed curve corresponds to the 
recoil q{0°) in the case of Bf^ = —En = 16.0 MeV, which gives a "nonthermic" condition as 
TTiK- + Ma = rriN + Mb- 

In the endothermic case of ttik- + Ma < ttin + Mb, there is a threshold lab momentum 
Pth, which is 129.4 MeV/c when we choose Bj^ = MeV. The dotted line in Fig. [7] denotes 
the relation gth = {Mb — m^) / [M b + Tniq)p^;k at the threshold in the endothermic condition. 
Moreover, the magic momentum po can be found at 188.1 MeV/c, fulfilling the recoilless 
condition ^Jp^ + + Ma = \/j^'+rn^ + Mb', its value is obtained by the relation 



Po = -Ma± vfiK- ± m^) / 2{Ma - Mb), (26) 



where X\{a ± 6 ± c) = {a \ h \ (^{a \ h — c){a — h \ c){a — h — c) , as given in Ref. (6l|]. In the 
exothermic case of m^- + Ma > rrijsi + Mb, the recoil momentum go at px- = GeV/c is 
given by 



qo = y n +MA±mM± Mb) j 2{mK~ + Ma), (27) 

under the condition rriK- + Ma = ^/qi + 'm-lf + \/qo ~^ ^b- Thus, the values of go are 
—244.2 and —387.8 MeV/c for Bj^- = 50 and 100 MeV, respectively. Moreover, there is a 
point of inflection in g(0°), which is given by the condition dq{0°)/dpK- = 0. This point 
gives a minimum of |g(0°)|, gmim of which values are —173.4 MeV/c at px- = 192.6 MeV/c 
and -279.2 MeV/c at p^- = 310.0 MeV/c for Bj^ = 50 and 100 MeV, respectively. When 
we consider px- — > +oo, we confirm that g(0°) goes into the limit goo = (M^ — M\)/2Ma, 
leading to -420.4, -468.4 and -516.1 MeV/c for £^ = 0, 50 and 100 MeV, respectively. 



FIG. 7 



The kinematical factor (3 



60| used in Eq. ffTSl) expresses the trans 



i^'-nucleon lab system to the many-body i^-nucleus lab system 46|. It is defined by 



at ion from the two-body 



13 



where px- and pn {Ej^ and En) are momenta of the incident K and the detected 
(energies of K and A^) in the many-body K~ + A ^ N + p^B reaction, respectively, and the 



quantities bearing an (0) superscript are in the two-body K 
the forward direction [9 = 0°), the kinematical factor /5 in Eq. 



v_i\pNE 



N 



N N + K reaction. For 
is reduced to 

(29) 



„,(o) y (0) p(o) ' 

where v^^^ = p^^ / E^^^ is a velocity of the detected nucleon, and v'^^ = q{0°)/E^^^ that 



K 'iV" y/ 

MeV/c appears in the case of 



of the residual K. The recoilless reaction under g(0°) 
Bj^ = MeV and px- — 0.18 GeV/c, leading to /5(0°) ~ 1. We stress that when we 
choose Pk- > ~0.5 GeV/c, the value of /9(0°) is larger than 1, because the momentum 
transfer ^(0°) < and also f j^"* < 0. On the other hand, the hypernuclear production by 
(7r+, K^) and {K~, K^) reactions shows that the value of /3(0°) is smaller than 1, because 
g(0°) = p7r+ — 'P k+ > for the A-hypernuclei [56| and g(0°) = px- — Pk+ > for the H- 



hypernuclei 



46l ] . One should recognize the different nature of the nuclear [K , A^) reaction 



from the well-known (tt^, K"^) and {K~ , K^) reactions. 

In Fig. [8], we show a kinematical factor /3(0°) in the {K~ , N) reaction on the ^^C target at 
^lab = 0°, as a function of the incident K~ lab momentum, together with a kinematical factor 
a(0°) given by Eq. ( IBlip in Appendix [Bl which is often used in DWIA calculations [ol, I^gJ. 
The calculated values also depend on the K binding energies of B^'-, we find /3(0°) = 1.52, 
1.62 and 1.75 for B^ = 0, 50 and 100 MeV at pk~ = 1-0 GeV/c, respectively, and these 
effects are not negligible. Cieply et al. [9| calculated the integrated cross section for the K 
nuclear {Is)^ bound state by {K~ , p) reactions on ^^C within the DWIA. When we assume 
Bx-= 122 MeV, which corresponds to the same binding energy given in Ref. 9f|, for the 
(Is)^ bound state in the K~-^^Ji nucleus, we find a(0°) = 1.76, rather than 0.69 obtained 
in Ref. 9| which seems to arise as an error by the opposite sign of q'(0°). Obviously, the 
kinematical factor is needed to reproduce the absolute value of the cross section of the {K~ , 
N) reaction. 



FIG. 8 
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C. Eikonal distortion 



Full distorted-waves of the nucleon- and i^~-nucleus are important to reproduce absolute 
values of the production cross sections. Since the {K~ , N) reaction requires a large mo- 
mentum transfer and a high angular-momentum, we simplify the computational procedure 
by using the eikonal approximation to the distorted waves of the nucleon- and i^~-nucleus 



states 



51 



52 



56 



57 



Xn. 



N^(PN^r,a) = exp(-ipN-r-— j UNip, z')dz'\x\ ^^{<t), 

\ '^n J z y 2' « 

XK-{PK-.r) = exp (^ipK- ■ ^ - ^/ UK-{b.z')dz'^ (30) 

with an impact parameter coordinate b and the optical potential for A = or K~ , 

[/,(r) = -z^ar^(l-za,^)p(r), (31) 

where p(r) is a nuclear density distribution, and a^*]^ and a\N are an isospin-averaged total 
cross section and a ratio of the real to imaginary parts of the forward amplitude for the 
A + scattering, respectively. Xi,ms('^) ^ spin-(|,ms) state of the nucleon. Reducing the 
r.h.s. in Eq. ( 1301) by partial waves expansion, the distorted-waves at 6'iab in Eq- can be 
expressed as 

XN^lXPN^^^'^)XK-iPK-,-r) 

= V V47r(2L + l)i''jLM{PN,PK-,Oi.b] r)[YLM{r) ® x\ ^ {cr)]jM', (32) 

J=L±i,M' 

where jLM{PN,PK-,(^ia.h',r) is a radial part of the distorted- wave for angular-momentum 
transfer L, depending on the momentum transfer q. If the distortion is switched off, i.e., 
^NN = ^K-N ~ 0' becomes jL{<ir)6Mo for the plane-wave approximation, where jiix) is 
the spherical Bessel function. 



D. Isospin states 



Now we discuss isospin properties of the residual ^-nuclear bound states in the forward 
{K~ , p) and {K~, n) reactions on a nuclear target. Dover and his collaborators examined 
that the isospin properties in {K~ , tt"^) and (vr^, K^) reactions for S-hyp ernuclear produc- 



tion 



50|, and also {K , K^) reactions for S-hyp ernuclear production |46|. We attempt to 
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apply their treatment into the K nuclear bound states, and to discuss the {K~ , n) and {K~ , 
p) reactions on the nuclear target. The isospin vectors relevant in the nuclear A[K~ , N)B 
reaction, and their z-components, satisfy 

^ + Ta='^+Tb, iK- +TA = iN + rB, (33) 

respectively. For instance, we obtain the K nuclear states by the {K~ , p) reaction on the 
^^C target with = 0+ and Ta = as 

|yBe)T,=i,.,=-i = |i^-)r^B) (34) 

for Tb = 1 states, and by the {K~ , n) reactions, 

mT,=,,r,=, = ^|\\K'T^) - y||Ji-)|"C), (35) 

for both Tb = I and = states. 

Using the Fermi-averaged elementary amplitudes Jk-n^nk which give the isospin tran- 
sition with AT = 1 and AT = 0, we obtain the explicit isospin dependence of the nuclear 
amplitudes for the nuclear {K~ , N) reactions involving an isospin transition (T^, ta) — »• 
{Tb, tb) Q; 



T(^"'^') = V3(2Ta + 1)(2Tb + l)(-)^^-"« 



Tb 1 Ta 

-Tb -I Ta 



x,-)^B+To-i^ i Tb Tc . -(,)^ 
Ta \ 1 



^(.-.) ^ ,,,,4/(0)_^ 3(2T. + l)(2T. + l) ^_^,_ 

x(-)^-+^-U ^ (37) 





where f'^'^^ and /^^^ are the Fermi-averaged t-channel and 1 amplitudes, respectively, and Tc 
denotes the isospin of the core-nucleus. These expression indicates clearly that the nuclear 
{K~ , p) reaction has AT = 1, while the nuclear {K~ , n) reaction AT =1,0. 
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When we assume closed-shells targets with J\ = O"*" and T4 = such as ^He, ^^C and ^^Si, 
we find that only Tb = 1 levels are excited by the {K~, p) reaction due to the restriction to 
= 0, as seen in Eq. (15Bi) . Thus, we obtain 

jpiK-,p) 



Ta=0,Tb=1 



L f (1) 

V2^ ■ 



(38) 



For the {K , n) reaction, both Tb = 0, 1 types of levels can be excited in the K nuclear 

st cites ^ 



lf(0) 

2^ ' 



2'^ ■ 



Ta=0,Tb=0 ~ 2'' ' ^ Ta=0,Tb=1 ~ nJ ' (^^) 

In order to clarify the isospin properties of the lab cross section with the final states in 
the K nuclear bound states, therefore, we evaluate the ratios of the cross sections 

a{K- ,n)TA=o,TB=i 1 



(^{K ,p)ta=o,Tb=i 2' 

and for the summed cross section 



(40) 



~ 2 



2 |/(i)|2 

!-i 

~ 2 



K 



fx-p^pK- 



(41) 



Ifx-p^pK-l'^ 

Here we used the last equality in Eq. f|T2|) . In the case that the forward K~ + n ^ n + K~ 
cross section is much larger than the forward K~ + p p + K~ cross section at 1.0 GeV/c 
the ratio fHT]) shows approximately 



^{da/d^)^. 



K-n^nK- 



2 X 



13.9 



5.3. 



(42) 



(43) 



Eb (r{K-,p)TA=o,TB=i (c/a/c/fi)^o"^^P'^~ 
Comparing Eq. (l40i) with Eq.f l42l) . we obtain roughly the ratio 

^^a(fi:-,n)T^=o,Ta=o ^ 
E^(T(ir-,r2)T^=o,Ts=i 

which shows a strong preference for the excitation of Te = states by the {K~ , n) reaction. 
This fact indicates that the {K~ , n) reaction on the closed-shells targets = O"*", = 
can populate dominantly isospin Tb = states. We obtain the isoscalar AT = and 
isovector AT = 1 transition cross sections in the lab frame, 

2 



(44) 



ct(AT = 


0) = 








a(AT = 


1) = 
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for the nuclear {K , n) reaction on the closed-shell targets. These transition cross sections 
in Eq. (jH]) are rewritten as 

(r{AT = 1) = + - ^J^{R^y{K^) cos^r, (45) 

where (y{K^) and (t{K~) are the Fermi-averaged cross sections of the and the K~ produc- 
tion, respectively, in the {K~ , n) reaction, lpr denotes the relative phase between fK-n^nX- 

In Fig. [9], we show the Fermi-averaged transition cross sections of a{AT = 0) and 
cr(AT = 1), together with cr(^°) and a{K~), and also that for K~ +p —^p + K~~ . We find 
that the magnitude of AT = is quite larger than that of AT = 1 over a wide momentum 
range, since the interference terms between K~ +n — > n+K~ and K~ +p — > n + K^ channels 
in the r.h.s. of Eq. (l45l) are positive in the momentum region of px- = 0.6-2.0 GeV/c 
where the relative phase has 14.4° < < 64.1°, leading to a{AT = 0) > a{AT = 1). 
Indeed, the value of a{AT = 0) at p^- = 1.0 GeV/c amounts to 19.6 mb/sr, while the 
value of cr(AT = 1) is 1.7 mb/sr, which corresponds to a half of the cross section of the 
K~ +p p + K~ reaction. The interference effects are significant and have to be considered 
in calculations of cross sections for nuclear targets. 

FIG. 9 

In Fig. [To], we show the ratios of the Fermi-averaged cross sections a{AT = 0)/a{AT = 1) 
in isospin base and a{K~)/a{K^) in charge base in the nuclear {K~ , n) reactions, as a 
function of px- ■ We find that the excitation of the isospin states with AT = dominates 
the 0.6-1.6 momentum region. Particularly, the ratio of a{AT = 0)/cr(AT = 1) is quite 
large near 1.4 GeV/c, because the cross section of a{AT = 1) is reduced, as seen in Fig. O 
On the other hand, the cross sections of charged K~ and K'^ states in this region are not 
so different from each other; a{K~)/a{K^) ~ 1-2. We recognize that the contributions of 
both K~ and are necessary to explain the cross section in the nuclear {K~ , n) reaction. 

FIG. 10 
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E. ET-nucleus potentials and K nuclear bound states 



The ^-nucleus potentials have been obtained by analyzing strong-interaction shifts and 
widths of K~ atomic X-ray data of 65 data points 8| . However, it is known that it is difficult 
to clarify the geometry and strengths inside the nucleus from the K~ atomic data, because 
the calculated values of the shifts and widths are sensitive to almost only a tail part of the 
potential outside the nuclear surface Q]. Hence, several types of the ^-nucleus potential 
have been proposed to reproduce the K~ atomic data, taking theoretical constraints into 
consideration: (a) the tcfrp-type potential 62| determined earlier by an effective KN scat- 
tering length, e.g., a = 0.62 + 20.92 fm which corresponds to Ux{0) = —89 — 2133 MeV at the 
nuclear center in ^^B; (b) the density-dependent (DD) potential |8| determined by fitting its 
phenomenolo gica l parameters based by the KN scattering length; (c) the Chiral-motivated 
potential Q,!^, 64 1 constrained microscopically by the KN-irY coupled-channels describ- 
ing the A(1405) in the nuclear medium, leading to a strongly attraction of Ref/^ ^ —110 
MeV. But a version of the potentials calculated self consistently in the in-medium propagator 
yields Ref/^ ~ -40- (-60) MeV 
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Sin, 



65 



661 ]: (d) the relativistic mean-field (RMF) 



potential calculated for the L-SH or NL-SH model with the and a^; parameters 67|. One 
of the current problems in ^-nuclear physics is whether the depth of the ^-nucleus potential 
is deep, ReUa ~ -100-(-200) MeV, or shallow, ReUa ^ -40-(-60) MeV. 

In this paper, we employ the deep ^-nucleus DD potential jsl involving an isovector 
term, in order to see the isospin dependence of the deeply-bound ^-nuclear states which 
are expected to be observed as relative narrow signals if these bound states exist below the 



7rS-threshold. The -fC-nucleus DD potential 



is given as 



-47r ( 1 + 

rrtN 



bo + Bo 



p(r) + 



'p(o)- 



Sp{r] 



(46) 



where the point nucleon distribution p{r) = Pp{r) + Pn{f^) and the isovector one 6p{r) = 
Pnir) — Ppij")^ and phenomenological parameters 6o = —0.15 + i 0.62 fm, hi = —0.20 + i 0.15 
fm, Bq = 1.58 + i0.02 fm, Bi = 0.0 fm and a = 0.17. It is also rewritten in a general form 
by 

Unir) = U^ir) + f/f (r)(Tc ■ t^)M,o,e, (47) 

where Tq is the isospin operator of the core nucleus with its 2;-projection tc = {Z — N)/2, 
and tj^ is the K isospin operator with = ±1/2 for the {K^, K~) isodoublet; Uq and 
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are isoscalar and isovector (Lane term) parts of the potential, respectively. This real parts 
of the potential has the attraction corresponding to KeUj^ ~ — 150-(— 200) MeV at nuclear 
matter density. 

The study of the {K~ , n) reaction on the closed shells targets yields information concern- 
ing the potential properties of the isoscalar and isovector parts in the ^-nucleus potential, 
because the reaction can populate both isospin = and Tb = 1 states. The configurations 
of the potentials for isospin Tb = 0, 1 states represent 

Ul^=^ = f/f + f/f /4Aore, (48) 

whereas the {K~ , p) reaction gives information on only U'^~^ for Tb = 1 states. 

FIG. 11 

In Fig. [11], we illustrate the real and imaginary parts of the /'^-nucleus DD potentials for 
isospin T = 0, 1 states in A = 11 and 27 which are populated via nuclear {K~, N) reactions 
on the and ^^Si targets, respectively. We find that ReU^{0) ~ -210-(-220) MeV and 
Ret//^(0) ~ 120 MeV at the nuclear center. It is also shown that the value of IieUf{0) ~ 
152-210 MeV is obtained in a Breuckner calculation with A'A^ interaction by fits to the 



low-energy KN scattering data 



251 ]. However, the isospin dependence on the Uf Lane term 



2l| have suggested Re f/J^"" 190 



has to be reduced by ^core- Recently, Kishimoto et al. 

MeV and ReU]>=^ 160 MeV for by the DWIA analysis of the i2c(in-fiight K~, N) 

data (PS-E548) at KEK. This means Ref//^ ~ 660 MeV. Consequently, this value seems to 
be too large in terms of the isospin dependence of the ^-nucleus potential. 

The search for deeply-bound K states is one of the most important subjects in K nuclear 
physics. However, signals of the states lying above the vrS-threshold might be unclear in 
the {K~ , p) spectrum due to large decay widths of the main KN — ttS channels. If the 
deeply-bound K state exists below the vrS-threshold, as discussed by Yamazaki and Akaishi 



3l| and by Mares et al. [67|], one expects that a clear signal of the bound state with the 
relative narrow width Fj^ ~ 20-50 MeV can be observed. In order to take account of these 
effects, we introduce the imaginary parts of the -R'-nucleus potentials including a phase space 
factor fiE); 

ImUjiir) ImUjiir) x f{E), (49) 
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as attempted in Refs. [19|, l23|], Here we used the phase space factor f{E) by Mares et al. [67|. 

We calculate the K nuclear unstable bound states by solving the Schrodinger equation 
instead of the Klein-Gordon equation for simplicity. Since the Hamiltonian H = T + is 
not Hermitian, we have 

W (pni = El^ (pni, (50) 

where E^i is a complex eigenvalues for the K unstable bound states. Thus, the K nuclear 
binding energies and widths can be evaluated as 

Em = ik^:f'^)V2fi = - ^r„,/2, (51) 

where k'^^t^^ denotes a pole position of the bound state in the complex momentum plane, 
and /i is the reduce mass of the ^-nucleus system, ipni, is a wave function for the eigenstate 
labeled by Eni-, and <^„£ is the wave function given by a biorthogonal set; its conjugate state 
becomes {(pm)* = '^ni- It is noticed that such radial wave functions must be normalized by 
so-called c-products |68l ]. 

oo /"OO 

rHr{^ni{r)y^ni{r) = / rHr{^ni{r)f = 1, (52) 



under the boundary condition for decaying states 69|. Therefore, we can obtain the com- 
pleteness relation for Green's function as 

^ uj- Eni + ie TT Jo uj-Ek + ie 

where the summation over n includes all the pole of the S'-matrix in the complex A;-plane. 

In Table Ull we show the numerical results of the K~ nuclear binding energies and widths 
for ^LBe=[-ft'~-^^B] and ^_Mg=[i^~-^^Al], considering the effects of the Coulomb potentials 
and of the imaginary parts of the DD potentials. Note that the relativistic effects for the 
K binding energy and the core-polarization (shrinkage effects for the core-nucleus) are not 
taken into account. In order to see the effects of the widths, we listed up the calculated 
results without the imaginary parts of the DD potential (Real only). The wave function for 
this state resides in the nuclear inside, e.g., the rms radius \J {r'^)= 1.3 fm for (Is)x- in 



^_Be, in comparison to the rms radius of t 
part multiplied by the phase space factor 



le B core-nucleus, 2.28 fm. When the imaginary 



67] is switched on (Full), we find that the (Is)^- 
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bound state in ^-Be have a relative narrow width of r_ ^ 25 MeV because its pole arises 



at k^lf^^ = —0.09 + zl.82 fm"^ below the ttS decay threshold. For ^-Mg, we find that the 
(Is)ft-- state has a narrow width of r_ ~ 22 MeV and a rms radius of \/Jr^= 1.6 fm, and 
(Ip)x- state also r_ ~ 25 MeV and a/ {r'^)= 2.0 fm. The K~~ is located at the nuclear 
inside in terms of the rms radius of 2.93 fm for ^^Al. As several K~ nuclear bound states 
with broad widths of r_ ~ 100 MeV exist, the shape of the peaks in the spectrum do not 



necessarily correspond to that of a standard Breit-Wigner resonance located at Bne |2(|, as 
shown in Appendix [Bl The observed peaks in the energy spectrum might be often seen near 
the points of Bni calculated by the real parts of the optical (complex) potentials. 

TABLE II 



F. Integrated cross sections and {K , A^) spectra 

Using the inclusive spectrum in the forward A{K~, N) reaction in Eq. (ITSl) . we can 
evaluate the integrated cross section of the K nuclear unstable bound state by the energy 
integration 

"-■^ ^,eJ-J^], (54) 



even if such a bound state has a large width and also exists near the K emitted threshold. 
Here we consider especially that the K nuclear states have a relative narrow width, because 
the KN ttS decay channel is closed if the deeply-bound K states have Bf^- > ~100 MeV. 
Since these states are located far from the K~ threshold, we will attempt to calculate the 



integrated cross sections, adapting the effective number technique into the DWIA [9|, Il8|, |2^, 
46| . as mentioned in Appendix [Bl Considering that the K nuclear state with total spin Jb 
has a nij^ orbit for K and a proton- hole state, we obtain the forward {K~, N) cross 
section for the bound state with {j]^^ ,nij^)JB in the DWIA; 

. ^ W^Vr , ^"^'^ -'-^'^iQO). (55) 

Here we introduced precisely the com|?/ea; effective nucleon number N^g'^ "^A')>^Sj^go-j^ which 
is defined as 

2 



-i i 

" 2 2 



iVer ^ ^^' "(0°) = (2Jb + 1)(2j^ + 1)(2£,^ + 1) ^\F{q)F\q). (56) 
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The form factor F{q) denotes 



F{q) = I r'^dr{^nij,{r)y3w{VN,VK-,Q°\r)^fJ{r 
± I and £^ + L + must be even due to the non-spin-flip processes, y^^-^ 



(57) 

[N) 



where L 

denotes a single-particle wave function for the nucleon, and <^n% is a biorthogonal one for 
the K, as given by Eq. fl50l) . One should notice that N^J^^ ^^k)Jb ^qo-^ must be a complex 
number due to the unstable bound states with the non-Hermite Hamiltonian. When the 
potential has no imaginary part, N^'l^'^ ''^^k)Jb ^qo-^ -g rg^j^Qg^j to a real number. The recoil 
effects are taken into account in the distorted waves of jLo{PN,PK-,0°]i^) by the factors of 
Mc/Mb and Mc/Ma-, as seen in Eq. ( 1221) . The kinematical factor «(0°) is often used in the 
effective number technique within the DWIA j^, Q, 56, 57, 58, 60]. The relation between 
the kinematical factors (3 and a is shown in Appendix [Bl 

The production cross sections for the deeply-bound K nuclear states by the {K~ , p) 



reaction were performed theoretically by several authors 



and his collaborators 



flQ, 



22|. Moreover, Kishimoto 



211 ] have analyzed the inclusive spectra in the {K , p) and {K , n) 



reactions on the nuclear ^^C and ^^O targets. Therefore, a comparison between our results 
and other ones would be warrant, in order to recognize the nature of the nuclear {K~, N) 
reactions. Let us attempt to calculate the production cross sections by the {K~ , p) reaction 



on the ^^C and ^^Si targets. For the ^^C target, we use sing' 
proton, which are calculated with a Woods-Saxon potential 



e^particle wave functions for a 



7Q|: 



(58) 



with /(r) = [1 + exp{{r - R)/a)]-\ where V;f= -0.44V/, a=0.67 fm, ro=1.27 fm and 
R = tqA^^^ =2.91 fm. We choose the strength of Vg'^=— 64.8 MeV, fitting to the charge 



radius of 2.46 fm [7l|]. A Coulomb potential with a uniform sphere of the radius R is 
included. We input the proton hole-energy of = —16.0 MeV for a Ipa hole state, and the 
energy and width of = —36.0 MeV and r' = 10 MeV for a Isi state. For the ^^Si target, 
we use also single-particle wave functions for a proton, which are calculated with the WS 
potential with R = r^A^^^ = 3.86 fm. We choose the strength of Vq'^=— 59.7 MeV, fitting to 
the charge radius of 3.09 fm 7l|, and input ej\f = —11.6 MeV for a Ids proton-hole state, 
and {sn, ^) = (-16 MeV, 4 MeV), (-23 Me\^ 6 MeV) and (-41 MeV, 10 MeV) for Ipi, 
Ips and Isi proton-hole states, respectively [72]. 
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1. C{K , p) reactions 

In Table llllt we show the numerical results of the integrated lab cross sections of 
Un^ y''^^K-)J^ states, which are given in Eq. flS^ . for the forward ^^0(7^", p) reactions 
at the incident K~ lab momentum px- = 1-0 GeV/c. This {K~ , p) reactions can populate 
only the T = 1 states in ^i-Be which consists of the K~ and the ^^B nucleus. It is no- 
ticed that "spin-stretched" states are excited selectively due to a high momentum transfer 
g(0°) = — 380-(— 210) MeV/c, where the negative momentum transfer means that the resid- 
ual K~ recoils backward relative to the incident particle K~ . We list up the value of the 
real part of the effective nucleon numbers and its argument, ReA^efr and ArgA'efr, in order 
to see the shape of the inclusive spectrum as a function of Ej^- . As seen in Table IIIH a 
negative value of the cross section in the transition Isi {2s)k- means that the shapes of 
the states are "upside-down peaks" rather than Breit-Wigner peaks because the arguments 
safsfy A.gA',. > 90" w.th substa„tiali„e.asticity and background Q (See Fig. As 
discussed by Morimatsu and Yazaki [20|, such peak structures are often predicted in the 



spectra of S~ atomic states, and also those of the K~ atomic states [7^. For [K~ ® ^^B] 
atomic states, indeed, we found ArgA^cfr = —157.9° at = 199 keV and F^- = 41.6 keV 
for the transition Ip-i (Is)atom! = 1, and ArgA'^cfj = 90.4° at Bj^- = 81.0 keV and 
Fx- = 0.76 keV for the transition Ipa (lp)atom5 '^L = 2. 

Yamagata et al. [tJ] have discussed in detail some interesting shapes of the inclusive 
{K~ , p) spectra for K~ atomic states. In Fig. [12], thus, we display the shape of the strength 
function S^'^^^^^E) given by Eq. (1B3P in the K~ ® ^^B system, as a function of E^-] (a) 
ArgiVeff = 0.08° at Bk- = -130 MeV, Fk- = 25 MeV for the nuclear transition Ins 

2 

(Is) A'-, AL = 1, (b) ArgiVeff = 98.3° at Bk- = +23 MeV, Fk- = 87 MeV for Isi ^ {2s) k-, 
AL = 0, and (c) ArgA^eS = -157.9° at Bk- = -199 keV, Fk- = 41.6 keV for the atomic 
transition Ips (Is) atom, AL = 1. These spectra are plotted by each suitable energy scale 
in order to compare their shapes. The spectrum (a) has a standard Breit-Wigner peak, 
whereas the spectra (b) and (c) are sizably modified by the background; the shape in (c) 
just indicates the upside-down peak. These shapes also depend strongly on the momentum 
transfer by choosing the incident momentum pk- ■ Thus we find that the calculated values 
of ReA'eff and ArgAcs give valuable information concerning the structure of the K unstable 
bound states formed by this reaction condition. 
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TABLE III 



FIG. 12 

One of the most important subjects is to clarify the possibihty of the detected signals 
of the deeply-bound K~ nuclear states; A deeply-bound K" state with {Ip'^^ ,1sk-)\^ 

2 

configuration is located below the vrS threshold, having the relative narrow widths ~25 
MeV, for the K~ nuclear Is bound state via the (lp)p — > {1s)k~ transition in ^^C at the 
incident K~ lab momentum px- = 1-0 GeV/c. Here we used the Fermi-averaged elementary 
cross section of {da{Q°)ldVt)f^T^^^^^ = 3.5 mb/sr in Eq. f|T7|) . which is slightly smaller than 



5.2 mb/sr used in Ref. 91. For distortion parameters in the DWIA, we choose a^Sir = a 
40 mb and aNN = oik-n = 0, followed by precedent pioneering works [9|,ll8|,l22|,l23|. 



^tot 
K~N 



The calculated effective number for {Ip^ \Isk-)\ is ReA^g ^ = 0.98x10 



-2 



which is in agreement with the result of 0.013 calculated in Ref. j^l. Thus, the integrated 
lab cross section for (lp3)p (ls)/<- in Eq. fl55l) is obtained by 

da \ (1^3/2 i^'^f-^t'^ 



(0°) = 1.78 X 3.5 (mb/sr) x (0.98 x 10"^) = 61 (/xb/sr). (59) 

dilN /lab 

In Table HVt we compare this value of {da{Q°) / dVt)\^\, with those seen in other works on 
the ^^C target under similar conditions of the momentum transfer g, together 

with the case of the ^^Si target: Our results seem to be in good agreement with those 



calculated by Yamagata et al. 2^, who make a choice of {da{Q°) / dVL)\^\^ = 8.8 mb/sr for 
the input K" + p p + K~ cross section, whereas the kinematical factor a;(0°) and recoil 
effects were not included in their calculation. The difference from the results by Cieply et 



al. 



a 



would come from a(0°) = 0.69 which was erroneously employed due to missing a 
negative momentum transfer, in addition to a use of harmonic-oscillator wave functions for 
proton-hole and K~ bound states, and the input ((icr(0°)/(if2)iab = 5.2 mb/sr. 

TABLE IV 

In Fig. [131 we show the inclusive spectrum from ^^C(A~, p) reactions at p^- = 1.0 
GeV/c, in the ]^-Be bound region obtained by our results listed up in Table HTl Note that 
the contributions of the background of the K~ absorption processes and the continuum 
states for K~ are not included. In order to recognize the population by the (A~, p) reac- 
tion, we also illustrate the integrated cross sections which are calculated by omitting the 
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imaginary parts of the DD potentials and the width of the Isi proton-hole state. The re- 
sultant spectra confirm that it is difficult to observe clear signals of the deeply-bound K 



states even if the relative narrow state such as (Ipa^, Isk-) exists, as discussed in Refs. 23 1 



and [2l[; these cross sections are relatively reduced by the distortion of the incoming K~ 
and outgoing proton waves, i.e., the distortion factor becomes Z^dis — ^^^^ /^^^cfi^ = 
0.98 xl0"^/15. 6x10"^= 0.063 for the (lp3)p — ^ {^s)k- transition, where the superscripts 
DW and PW denote the distorted-wave and plane-wave approximations, respectively. In 
Figs. [14] and [151 we display the angular distributions of the formation of AL = 1, 3 and 
AL = 0, 2 in )^?-Be via the {K~ , p) reaction at 1.0 GeV/c. The curves labeled by (— ) 
indicate the negative value for the cross section which means that the shape of these spec- 
tra for the corresponding bound states behaves such as upside-down peaks with substantial 
background, rather than Breit-Wigner peaks, as seen in Fig. 

FIG. 13 

FIG. 14 

FIG. 15 



2. ^'^C{K , n) reactions 

In Fig. [ini we show the inclusive spectrum from ^^0(1'^", n) reactions at px- = 1-0 
GeV/c, which can be populate both T = 1 and T = states of ]^B, as shown in Eq. (j32l) . 
Here we assumed that there appear the isospin good quantum number states in ^B, using 
the DD potentials and omitting the Coulomb potential. Then, we input the Fermi-averaged 
cross sections for AT = and AT = 1, which are 19.6 mb/sr and 1.7 mb/sr, respectively, as 
shown in Fig. [9l We find that the shape and magnitude of the inclusive spectrum are almost 
determined by the contribution of the T = configuration. The cross sections of the T = 
states are almost 10 times larger than those of the T = 1 ones in the {K~ , n) reaction. 

The analysis of the {K~ , N) reactions for the experimental data on light nuclear targets is 
expected to clarify the important information concerning the formation mechanism for K~ 
nuclear bound states and the nature of the -^-nucleus potentials. Particularly, we believe 
that the comparison between the {K~ , p) and {K~ , n) spectra provides the isospin properties 
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for the K + N N + K reactions and the i^-nucleus potentials, and the imaginary parts 
of the potentials, observing the spectrum of ttA decay processes. 



[]^^ B] vr + A + nucleus, (60) 



below the ttS threshold. 



FIG. 16 



28 



Si{K , p) reactions 

For a heavier ^^Si target, we show the numerical results of the integrated lab cross sections 
for the forward {K~ , p) reactions at the incident K~ lab momentum px- = 1.0 GeV/c, as 
listed up in Table |Vl In Fig. [TTl we display the integrated cross sections and the inclusive 
spectrum, together with the contributions of Irfs, Ipi and Ins proton-hole states. Note 

2 2 2 

that the background and the continuum states for K~ which arise above the K~ threshold, 
are not taken into account. We find that the cross sections for the "spin-stretched" states 
coupled to the Ids, Ipi, Ipa and Isi hole states are populated selectively by the high 
momentum transfer, as seen clearly in Fig. [TTl (top). However, we confirm also that it is 
difficult to observe a clear signal of the deeply-bound K~ nuclear state such as {1s)k-, 
because several states above the vrS threshold have a broad width of ~100 MeV, smudging 
out the narrow signal. Consequently, we believe that in order to avoid this difficulties at the 
present stage, one of the best ways might be to choose s-shell few-nucleons targets, ^H, ^He 
and '^He, as proposed by the forthcoming E15 experiments at J-PARC. 

TABLE V 

FIG. 17 



IV. DEEPLY-BOUND ANTIKAONIC STATES ON s-SHELL NUCLEI 

We study the {K~ ,N) reactions on the s-shell nuclear target, considering the transitions 
(Isi)Ar (l-^)/? to final K nuclear states of total spin S and total isospin T where all 
the nucleons are in s-shell. These states give a testing ground for isospin properties of the 
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production and decay processes in K nuclei, since the core-nucleus is often spin and isospin 
unsaturated. 

The production amplitudes for the nuclear {K~ , N) reactions on the target A in Eq. (1181) . 
Ffi = are written in the LS-coupling scheme as 

+fK-r,-.nKoSl!^]^o{K' ® (^-^HZ - 1)\pMA) (61) 

for {K~ , n) reactions, and 

F^ff''^ = fK-,^,K-S'JlK-(K- ® - 2)\pf,\A) (62) 

1 /2 

for {K~ ^ p) reactions. Here the spectroscopic amplitude 5*^^ ^ for the spin 5*^ and charge 
K channel is given by 



2 ' 2 " 



where xfl andX^^Tc (^SW) denote the spin-isospin functions Xs^t for N and 

the core-nucleus in the target nucleus (the core- nucleus in the K nuclear states), respectively, 
and A is an antisymmetric operator for nucleons in the nucleus. The transition amplitude 
for A ^ i? = [K ® is given as 

{K^^^-'^Z\pf,\A) = {-yB+^--2 2^ V(2£a + 1)(2£b + 1)(2Ja + 1)(2L + 1) 

[ is L £a\ ( iA Ja h] 

X M J ^ ^ 2 I ($^,|$^)F,,,,,(g), (64) 

\ J [Jb is L j 

where the factor (^c'l^c) denotes an overlapping between the core- nucleus for the initial 
and final states, taken into account the effects of the nuclear shrinkage (core-polarization) 
which are expected to be found in the ^-nuclear states. The form factor Feg£^L{q) is given 
by 

POO 

Fisi^iiq) = / r^dr{^n£Bir)yjLo{pN,PK-,0°;r)ip'f^\r), (65) 



Jo 

where ^f^\r) is a relative wave function for the A^-nucleus system, respectively, as a func- 
tion of the relative coordinate between the nucleon and the core-nucleus, and (pn^g{r) is a 
biorthogonal wave function for unstable K-nucleus systems; jLo{PN,PK-y^°]^) is a partial 
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distorted-wave with the angular momentum transfer L at ^lab = 0° from the incoming K~ 
to the outgoing nucleon. The factors of Mq/Mb and Mc/Ma in Eq. fl22|) are very important 
for the recoil effects in s-shell light nuclei. Therefore, the production lab cross section for 
the {K~ ^ n) or {K~ , p) reaction is given as 

where denotes a ^-component of the outgoing nucleon. 



A. ^He target 



Akaishi and Yamazaki 
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25l ] suggested to look for a deeply-bound K ® [A^A^A^] T =0, 
5 =1/2 state having a binding energy of over 100 MeV and a relative narrow width of -T ~ 
20 MeV, because the main decay channel KN vrS is closed. Wycech also pointed out 



that the width of such states could be as small as 20 MeV 



75| . Surprisingly, Suzuki et al. 



261] reported the experimental evidence of the tribaryon S*^(3115) by the ^He(stopped K , 
p) reaction (KEK-PS E471). But recently it has been withdrawn (KEK-PS E549/570) Q- 
From a viewpoint of microscopic few-body dynamics, we believe that the isospin nature of 
[K ® [NNN]t=i/2] configuration fully reveals itself because the ^He and core-nucleus are 
spin-isospin unsaturated. Therefore, we consider the ^He(A'~,A) reaction in order to see 



isospin properties of {K , N) reactions and also KN interactions 

-1/2 
Sb,K 



1 /2 _____ 

Reducing the spectroscopic factor S'„ in Eq. 0631) . we obtain the production amplitudes 



of Eq. ([M]); 



i^jf"'"^ = /x-n^„i^-(i^-®'He|p/i|^He)-/^-p^„^o(ir°®3H|pj,|^He), 
Fif''^ = -fK-p^pK-{K-^'ii\pM'iie). (67) 
Substituting the spin-isospin functions in Eq. (]C2p into Eq. (1671) . thus, we can rewrite 
i^if"'"^ = /AT=o(|H;TB = 0|p^,|^He) + /AT=i(|H;TB = l|p/.|'He), 
pif-,p) = -V2UT=i{h;TB = l|p//He), (68) 

where /at=o and /at=i are the (normalized) Fermi-averaged isoscalar AT = and isovector 
AT = 1 transition amplitudes for the ^He target, respectively; 

/aT=0 = {fK-n^nK- + fK-p^nK^)/ ^ = /^°V ^5 

/aT=1 = {fK-n^nK- — fR-p^nK'^)/ = /^^V ^ = fK~p^pK'/ ^2. (69) 
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Here we can confirm the isospin relation of the cross sections in Eq. lHT]) and the dominance of 
the T = excitation by the {K~ , n) reaction. In Table IVll we show the relative production 
cross sections by the forward {K^ , N) amplitude for K ® [A^A^A^] states with Tq = 1/2 and 
Sc = 1/2. 

TABLE VI 



B. "^He and targets 

Now we focus on the three-body KNN system as a deeply-bound K nuclear state. This 
state is expected to be the lightest and the most important system for the K bound state 



3G 



42j, and it is populated from the {K~ , N) reaction on the ^He or '^H target. For ^He(-R'~, 
A^) reactions, the production amphtudes for the K ® [A^A^] 5=0 states on charge K basis 
are written as 



pif-,P) ^ y2/^_^^p^„(A-{pn}|p;,|3He). (70) 

Substituting the spin-isospin functions listed up in Eq. ( 1C3I) into Eq. ( !70l) . we rewrite these 
amplitudes as 

i^Jf"'"^ = /AT=o(|H;T5 = l/2|p^,|3He) + /AT=i(|H;TB = 3/2|p^,|3He), 



F)f"'P) = 4^/AT=o(|n;TB = l/2|p^,|3He) + 4^/AT=i(|n;T5 = 3/2|p^,|3He), (71) 



fi 

where /at=o and /at=i are the Fermi-averaged (normalized) isoscalar AT = and isovector 
AT = 1 transition amplitudes for the ^He target, respectively: 



/aT=0 — a/2/3 {fK-n^nK- + f K - p^nRO / , 

/aT=1 = —{fK'-n^nK- — fK-p^nK")/^^ = —fK-p^pK- /VS, (72) 



involving the effects of the spectroscopic amplitude Sj^ ^ due to spin-isospin nature on 



■,1/2 

the unsaturated ^He target. In Table IVIIl we show the relative formation cross sections 
of these states on ^He, where the core configuration is restricted by the Pauli principle to 
{Sci Tc} = {0, 1} or {1, 0}. For the target, we show the relative formation cross sections 
at the forward {K~, N) reactions, as shown in Table IVlnl It is noticed that the ^II(A'~, p) 
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reaction can populate only the isospin Tb = 1, S = 1/2 states, in comparison with the case 
of the ^B.e{K~ , p) reaction. 



TABLE VII 
TABLE VIII 



In a previous paper 41|, we examined the ^He(in-flight K~ , n) reaction at p^- = 1.0 
GeV/c, 6'iab = 0°, with some simplified assumption. Only the K~ + n n + K~ forward 
scattering has been considered, omitting the K~ + p n + charge exchange process 
which can also contribute to the [K®{pp}t=i\t =1/2 formation through the coupling between 
[K~ ® {pp}] and [K^ ® {pn}] channels. Replacing the transition amplitude fK-n^nK- in 



Eq. (1701) by — /Ar=0) we can roughly estimate this contribution [4]|; the cross section of 
the K~pp bound state is enhanced by about 18 % with the Fermi-averaged amplitudes. It 
is noticed that the KNN state with T=l/2 dominates the {K~ , n) reaction at Pk-= 1-0 
GeV/c because |/at=oP/|/at=iP — 14. This nature justifies the assumption that we treat 



a single channel of [K ® \^NN}t=i\t=i/2 as K~pp restrictedly 4l|]. We believe that a full 
coupled-channel calculation is needed in order to get more quantitative results. Moreover, a 
choice of the parameters in the eikonal distorted waves also changes the absolute value of the 
cross section, but the distortion effect is not significant for '^He. For the in-fiight {K~ , N) 
reaction, it would be not appropriate to use the decay rate measured by K~ absorption at 



rest 



76| , considering that its value depends on atomic orbits where K is absorbed through 



atomic cascade processes [77[ • More theoretical and experimental considerations are needed. 



V. SUMMARY AND CONCLUSION 

We have investigated theoretically the formation of deeply-bound antikaonic K~ /K^ 
nuclear states by the {K~ , N) reaction, introducing the complex effective number in the 
DWIA. We have discussed the isospin properties of the {K~ ^ N) reaction on the basis of 
the Fermi-averaged elementary amplitudes of the K" + p ^ p + , K~ + n ^ n + K~ 
and K~ + p ^ n + processes, and the integrated cross sections for the nuclear {K~ , N) 
reaction at the incident K~ lab momentum p^- = 1-0 GeV/c and ^lab = 0°, concerning the 
kinematical condition. The results are summarized as follows: 
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(1) The deeply-bound K states with the isospin T = can be populated dominantly by 
the {K~ , n) reaction on closed shell targets, e.g., ^^C and ^^Si, because of the isospin 
nature of the K~ + N ^ N + K amplitudes. 

(2) The {K~, N) reaction differs kinematically from hypernuclear production of (vr"*", K~^) 
and {K~, K^) reactions, so that the kinematical factors of a(0°) and (3{0°) are larger 
than 1, thus, the cross sections are enhanced. 

(3) The integrated cross sections of deeply-bound K nuclear states for the {K~ , N) re- 
action on nuclear ^^C and ^^Si targets, can be obtained fully by the complex effective 
nucleon number TVefr; ReA^^efr and ArgA'egf enable to see the structure of the K unstable 
bound states. 

(4) The deeply-bound K nuclear states for the {K~, N) reaction on s-shell nuclear targets, 
^He, and ''He, have a strong isospin dependence of the cross sections due to the 
spin-isospin unsaturated nuclear core-states. 

In conclusion, the {K~, n) reaction at px- = 1-0 GeV/c excites preferentially AT = states 
in the deeply-bound K region, and is complementary to the {K~ , p) reaction which excites 
only isovector AT = 1 states. The complex effective number approach provides insight on 
the structure of the bound state spectrum. Although the inclusive nucleon spectra calculated 
at px- = 1.0 GeV/c for ^^C and ^'^Si targets do not show distinct peak structure in the K 
bound region, they show substantial strength in this region, thus promising to shed light on 
the depth of the K nuclear potential. We advocate measuring nucleon {K~, N) spectra on 
s-shell targets, ^H, ^He and ''He, attempting to resolve the isospin structure of deeply-bound 
K nuclear states. This investigation is in progress. 
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APPENDIX A: INCLUSIVE CROSS SECTION FOR THE A{a,b) REACTION 
AND THE KINEMATICAL FACTOR (3 IN EQ.([T8]) 



In order to see the formulation for the inclusive cross section of Eq. fl21l) . we consider a 
nuclear two-body reaction 

a + A^b + B, (Al) 

where a, b, A and B denote the incident (incoming), the detected (outgoing), the target 
and the residual particles, respectively. The differential cross section in the lab frame can 



be expressed 



as 



rf6 ^ i^5(E, + Es-E,- EMPt + PB-Pa- Pa)\TM'^,-^,, (A2) 

where Va = Pa/Ea, and the nuclear T-matrix for the transition a + A ^ b + B within the 
impulse approximation is defined by 

Tf. = {^B\xi~^*dxi^'>\^A), (A3) 

where xi"^* Xa^^ ^-^e distorted waves of the outgoing b and the incoming a, respectively. 
O denotes a transition operator. Integrating over dps in Eq. flA2p . the differential cross 
section can be written as 

^'^/i = TTT^^iEfipb) - Ei)\Tfi\y,dpA, (A4) 

where Ef{ph) = Eb{pb) + EsiPa + Pa - Pb) and Ei = Ea{Pa) + Ea{pa)- Summing over all 
the final states f = \b, B}, we obtain the differential cross section for the inclusive reaction 

n 

within the DWIA factorized the two-body elementary T-matrix a + N ^ b + Y [20|; 

d^a = y^^d^aji 

f 

_ PbEh |/_(0)_(0)|^|_ _ \|2, 



\{p'Y'pr\t\PNPa)rdEM 



X 

2Ja . - 

^ Ma b,B 

PbEb |, (0) (0) 



{p'Y'pr\t\PNPa)rdEbdn^ 



b 



{2'KYVa 

x(-)ilm/M/^|xW*atxi-^^^— ^— , (A6) 
7r\' hj — ub + I 
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where (PyVi^^ NPA^Pa) denotes the T-matrix for the elementary a + N ^ b + Y reaction 
process in the lab frame, and Py^ and p^^^ denote the momenta of Y and b, respectively, 
and E = Eaipa) + Ea{pa) — Eh{ph). Here we used the relation 

1 



J2\^b)S{E-Eb){^b\ 



B 



)— Im 

TT 



E-HB + ie 



(A7) 



where [E — Hb + «e] ^ is Green's function for many-body final states B including the 
y+core-nucleus system. Note that dEi, = pi,dpi,/Eh is obtained from the energy-momentum 



relation for the detected b, Eb = ^/pI + rnl, because the (5-function in Eq. flA7p is held in 
Green's function. 

In the case of the elementary process, a + N —* b + Y, the differential cross section at 
^lab in the lab frame is written as 

aN^bY 



da 
dflh 



\{pPPb^\t\PNPa) 



lab 



i^^rVapf^E^^^+El'\pf^-p^cos9,.,) 



(A8) 



where Ejj^^ and Ey^ denote energies of the detected b and the residual Y, respectively, and 
the superscript (0) refers to the kinematics for the two-body reaction on a nucleon (A^) 
target. Substituting Eq. (lASP into Eq. (]A6p . we obtain the double-differential cross section 
for the inclusive A{a, b) reaction as 



, dEhdilb 

where the strength function is defined as 



da 



dn, 



aN^bY 



S{E), 



(A9) 



lab 



S{E) 



2J 



^ E E I {^B\xi~^*dxi^^\^A) '6{E + Eb- E,) 



AIa b,B 



:-)-lm 



J2 J dr'drFl,{r')G^,^{E;r',r)F^{r) 



(AlO) 



with the kinematical factor f3 which is defined by 



P 



1 + 



^b Pb ~ Pa COS t/iab 



E^ 



(0) 



.(0) 



PbEb 

pTe^ 



(All) 



Pb 

One can find the expression of Eq. ( 1A9I) . in several articles applying Green's function to 
hypernuclear physics and the related subjects 20, |4l|, |60|] . For the forward {K~ , N) reaction 
(6'iab = 0°) in the lab frame, we replace Pa, Pb, E^ and Ey by Pk~, Pn, E^ and Ej^, 
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respectively, and we find that q{0°) = Pk- ~ P^n negative for tlie K + N ^ N + K 



reaction. Tlius, tlie kinematical factor is written by 



/3(0°) 



p{0) (0) _ 
Pn Pk- 



Pn E_ 



N 



E 

V 



(0) 
K 
(0) 
K 



(0) 

Pn 



(0) ^(0) 

Pn ^n 



\ pnEn 

^(0) ] (0) ^(0) 

'Jn ^ Pn ^n 



(A12) 



where f^'' = p^^' / E^^' is the velocity of the detected nucleon, and v^j^' = q{0°)/E^^' for 
the residual K. In the text, we represent the cross section of Eq. (l2T]) . as a function the 
energy-transfer u instead of E. 

APPENDIX B: INTEGRATED CROSS SECTION FOR THE FORMATION OF 
THE K NUCLEAR BOUND STATES 



.(0) / Z7(0) 



(0) 



.(0) 



In order to see the relation between the integrated cross section of Eg. ( 1551) and the 
inclusive cross section of Eg. (12 II) . we will perform explicitly the energy- integration of Eg.( l54l) . 
Here we assume a F- nuclear bound state in the nucleus B, using an optical potential which 
gives unstable bound states with complex eigenvalues Eni = Sni — iEngjl for simplicity. We 
can expand Green's function in the -S'-nucleus bound region as 

G,{E-r\r) = Y,G'^:t\E;r' ,r) + Gf'\E;r' ,r), (Bl) 

n 

where the summation over n includes all the pole of the S'-matrix in the complex /c-plane, 
and Gf'\E ; r', r) indicates the background contribution. The pole contribution for a [ni) 
unstable bound state can be expressed as 



G^:;''\E-r',r) 



(B2) 



E - Eni + ie 

with (fniif) denoting a radial wave function of the bound state, and (fne is a biorthogonal 
one for ipne, as normalized by Eg. (1521) . Thus, the contribution of the strength function can 
be written as 



:-)-Im 

TT 



:-)-Im 

TT 



J dr'drF^{r')Ye{r')G^^;''\E;r',r)Y;{r)F{r) 



(pole) 



ni 



E - Eni + ie 

rni/2 



1 f p^Ar(P°'e) 



E — Eni 



(E - Eni? + 



{pole) 



ni 



(B3) 
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where the strength of a pole is given by 



(pole) 



ni 



(2Jb + 1)(2jjv + 1)(2£^ + 1) 



3n Jb 





1 1 

" 2 2 



F(g)Ft(g), (B4) 



where the form factor F{q) is given as Eg. (1571) . Here we assumed that the final states have 
the (jj^^, nix)JB configurations. The integrated cross section can be evaluated by the energy 
integration; 



da 
dVLh 



dEh 



j2 \ / 7 \ aN~*bY 



dEbdQb 



da 



dQh 



b/ lab 



dEf,S^P"^'\E). 



(B5) 



Changing the c/E'b-integration to c/E's-integration, dEf, = \dEh/dpb\\dEB/dpb\ ^dEs, with 
the momentum conservation, where 



dE. 



dpb 

we can obtain 

dEbS^P°^^\E) 



Pb_ 

Eb 



dE 



B 



dpb 



PbEB + Ebjpb - Pa COS 6'iab) 

EbEs 



(B6) 



)-Im / dEb 

71 



(pole) 



E - Eni + ie 



Eb Pb - Pa COS 9 



lab 



E, 



Pb 



;-)-Im / dEB 

71 



{pole) 



E - Eni + ie 



1 + 



Eb Pb - Pa COS 9 



lab 



Eb Pb 

where we substituted Eq. (]B3P and used the relations 

r/2 



J^{E-E'f + r^/A 



[pole) 
nl 1 



E-E' 



(B7) 



J^{E-E'f + n/A 



0. 



(B8) 



Therefore, the integrated cross section can be expressed as 



da 
dflh 



da 



Eb Pb - Pa cos 6'iab 



a 



dflh 



Eb Pb 

aN^bY 



da 



d^lf 



aN^bV 



ReN 



{pole) 



b/ lab 



ni 



by lab 



(pole) 



(B9) 



and the kinematical factor a 



46| has a relation to (3, 



Eb Pb - Pa cos 6'iab 

Eb Pb 



(BIO) 
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where ( ■ ■ ■ ) ^ is often called the recoil factor 
reaction; 



79j. Especially, we confirm that for the forward 



Pb l^b 



{Pb-Pa)/E_ 



B 



Pb/Eb 



l-ve/vh J pfE^ 



PbEb 

(0) Z7(0) ' 
b 



(Bll) 



where Wy'* is a velocity of Y for the nucleon target, and is a velocity of B for the nucleus 
target. The factor of Eq. fIBlip is equivalent to that given in Eq.(2.10) by Dover et al. j46 |. 



APPENDIX C: SPIN-ISOSPIN STATES FOR THE s-SHELL A-NUCLEAR SYS- 
TEMS 

In the present paper, we use the isospin states for KN systems having the relation between 
the isospin and charge bases as the following: 

|1,0)^^ =^j\\K'n) + ^-\K~p)^ 
|0,0)^^ =^-\K'n)-^-\K~p)^ 

|1,-1)^^= \K-n), (CI) 

where |/,/^)^^ denotes an isospin-function for the KN channel with isospin / and the z- 
ote that the phase definition of |0, 0)^^^ is an opposite sign of that given 



projection J^. ^ 

by Gopal et al. ^ , i.e., |0, 0)^^ = - |0, 0)J„^,i. 

For KNNN systems, we assume a configuration with Sc = 1/2 and Tc = 1/2 in the 
3A^ core-nucleus, ^He or '^H. Thus we represent the spin-isospin states for the microscopic 
three-nucleon system, i.e., I'^He)'^^ for isospin 2-projection tc = +1/2 and |^H)'^^ for tc = 
—1/2. Thus, the spin-isospin states with total spin S* = 1/2 in [A^A^A^]t=i/2] are written 



37 



as 



,3N 



\K 



|3_ 

\k^ 



^)T=lr=-l = \K-)\'nr. (C2) 



For KNN systems, the spin-isospin functions with total spin S* = and and isospin T 
are written as 

||H)r=i/2,.=+i/2 = ^|\\K\pn]) - ^\K~{pp]), 



^H)t=3/2,t=+1/2 



||n)r=i/2,r=-i/2 = \l ^|i^"{nn}) - \l ^\K {pn}) 



^-\K'{pn]) + ^-\K-{pp]), 



||n)T=3/2,r=-i/2 = \l^\K\nn}) + \I^\K {pn}), 
-ft'"nn)T=3/2,r=-3/2 = \K~ {nu}) , (C3) 



and for total spin S' = 1; 



\\Yi)T=l/2,r=+l/2 = \K'[pn]), 



n)r=i/2,r=-i/2 = \K [pn]), (C4) 



Here we denoted the two-nucleon configuration of {A''i, A''2} = N1N2+N2N1 with ""^Sq, Tnn=1 
and [A^i, N2] = N1N2 - N2N1 with ^Si, Tnn=0. 
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TABLE I: Summary of the isospin relation for + N N + K lab amplitudes Jk-n—^nk where 
K denotes the or K~ , to s-channel // and t-channel Z*^*^ amplitudes which are labeled by / 
and t, respectively. AZ is a charge transfer defined by AZ = (^2)2 ~ (^2)2 — 1 for the reaction 
ii + 12 ^ i'l + *2 where {i)z is a z-component of the particle isospin i. 



Reaction 


N - 


K 






^NK 










t-channel 


s-channel 


K~+n^n+K~ 


n — 


^ K~ 


-1 


(/(0)+/(i))/2 


A 




P - 




-1 


(/(0)_/(i))/2 


(/i + /o)/2 




P - 




-2 


/(I) 


(/i - /o)/2 
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TABLE II: The K binding energies and widths of the K nuclear {nl)^- fciound states for ^-Be 



[K'-^^B] and ?J_Mg = [A^'-^'^Al] with the K-nucleus DD potentials 



671]. These values are 



estimated without (Real only) and with (Full) the imaginary parts which are multiplied by the 



phase space factor 



67 1, of the potentials. The Coulomb potentials are taken into account, k^^'''^^ 



denotes a corresponding pole position of the bound state in the complex momentum plane. 
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States 
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(MeV) 
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(IsW 


— 130 


+il.82 


1.3 


— 130 


25 


_0 09+il 82 








-65 


+21.28 
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-63 


91 


-0 43+il 33 








-11 


+i0.52 


3.1 


+2.5 


76 


-0.72+i0.67 






{ld)K- 


-4.3 


+i0.33 


2.6 


+6.6 


97 


-0.84+i0.73 


27 
K- 


Mg 




-169 


+i2.07 


1.6 


-169 


22 


-0.07+i2.07 








-123 


+il.77 


2.0 


-123 


25 


-0.09+il.77 
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+il27 
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-72 


88 


-0.40+il.41 






{2s)k- 


-68 


+«1.32 
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-66 
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-0.42+il.36 
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+«0.76 
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-17 


114 


-0.73+i0.99 






{2p)k- 


-21 


+i0.74 


3.1 


-12 


100 


-0.70+i0.90 
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TABLE III: The integrated lab cross sections of K~ nuclear bound states J'^ for i^^- B by 
transitions {7iij)N — > {'<^1)k- i'^ the forward {K~ , p) reaction on the ^^C target at the incident K~ 
lab momentum p^^- = 1.0 GeV/c. The Fermi-averaged cross section of {da{0°)/d^l)^^^^^^ = 
3.5 mb/sr and distortion parameters (7^^% = (^^k~n ~ ™^ OiNN = c^k-n = are used in 



the DWIA. 
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"e 
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13.99 
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717 



TABLE IV: Comparison of the integrated cross sections {da{^°) / dVt)\,^\^ for the formation of K~ 
nuclear (Is)^- bound state, together with the momentum transfers (7(0°), by the forward {K~ ^ p) 
reaction at the incident K~ lab momentum pj^~ = 1.0 GeV/c. 







Present 




Ref. [9j 




Ref. [18] 




Ref. [22 
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-428 
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-458 



"'Bp^- ~ 122 McV and harmonic oscillator wave functions were used. 

^Bk- = 133 MeV for a deep potential was used at T^- = 600 MeV {pk- = 0.976 GeV/c). 

'^Bx- = 144 MeV and harmonic oscillator wave functions were used. 

'^Bk- = 191 MeV for a deep potential was used at T^- = 600 MeV [pk- = 0.976 GeV/c). 
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TABLE V: The integrated lab cross sections of K~ nuclear bound states J'^ for K~- Mg by 
transitions {nij)j\[ — > {nl)j^ in the forward {K~ , p) reaction on the ^'^Si target at pf^~ = 1.0 
GeV/c. We listed up only the deeply bound states of Ej^ < —50 MeV. The Fermi-averaged cross 
section of {da{0°)/dn)^^ p-*pK _ ^ ^ mb/sr and distortion parameters = o'^k-n ~ ™^ 
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TABLE VI: Relative production cross sections of deeply-bound K [A^A^A^] states on ^He. T and 
S denote the isospin and spin of the K nuclear states, respectively. 



T S a{K~,n) (7{K-,p) 






1 Ifx-n^nK- + fK~p^nKo\'^ 







1 


1 \fK-n^nK' — fK-p^nKo\'^ 






TABLE VIL 


Relative production cross sections of deeply-bound K (g) 


[NN] states 


on "'He. T and 


S denote the isospin and spin of the K nuclear states, respectively. Tc and Sc are 


the isospin and 


spin of the A^A^ core-nucleus states, respectively. 






T {Tc) 


S{Sc) a{K-,n) 




(t{K-,p) 


i(o) 


1 (1) 1 //f-p^ni?Op 




3\f |2 
2\J K p~*pK~\ 


1(1) 


(0) ^Ifx-n^nK- + kfK-p-^nRol'^ 




llfK-p^pK-l"^ 


1(1) 


(0) \\fK-n^nK- " fR-p^nRA'^ 




1 1 f |2 
3UA' p^pK~'\ 


TABLE VIIL 


Relative production cross sections of deeply-bound K (J 


5 [A^A^] states on ^H. T and 


S denote the isospin and spin of the K nuclear states, respectively. Tc and Sc are 


the isospin and 


spin of the A^A^ core-nucleus states, respectively. 






T {Tc) 


S{Sc) a{K~,n) 




a{K-,p) 


1(0) 


1 (1) 1 /x-n-^ni^- P 







1(1) 


(0) ^IfK-p^nRO + hfK-n^nK-\' 







1(1) 


(0) llfx-p^nRO - fx-n^nK-l'^ 




\fK-p~*pK-\'^ 
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FIG. 1: The differential cross sections oi K^+n n+K~, K~+p n+K^ and K~ +p — > p+K~ 
reactions in free space at the incident K~ lab momentum pj^- = 1.0 GeV/c, as a function of the 
scattering angle 6. The dashed and solid curves denote the cm. and lab cross sections, respectively, 
which are obtained by Gopal et al. 



44( 1 . The experimental data are taken from Conforto et al. 
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FIG. 2: The lab differential cross sections for the free space K~ + n ^ n + , K~ +p ^ n + 
and K~ + p ^ p + K~ reactions at the detected nucleon angle ^lab = 0°, as a function of the K~ 
lab momentum pj^- . The curves are constructed from the K~ +N — > K + N scattering amplitudes 



analyzed by Gopal et al. 
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FIG. 3: The absolute values of the Fermi-averaged cross sections at ^i^b = 0° for the K~ -|- n — > 
n^K~ ^ K~ +p — > n + K^ and K~ +p — > p + K~ reactions, as a function of the K~ lab momentum 
Pk-- The free space amplitudes of Gopal et al. [4j| were used. 
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FIG. 4: Fermi-averaged + N — > N + K amplitudes for // for s-channel isospin / = 0, 1, 
as a function of the incident K~ lab momentum at 0iab = 0°. The amplitudes are calculated 
by averaging the T-matrices for ^^C with the harmonic oscillator momentum distribution. The 
free-space amplitudes of Gopal et al. [4J] were used. 




FIG. 5: Fermi- averaged K + N ^ N + K amplitudes for for t-channel isospin t = OJ., as a 



function of K lab momentum at ^lab = 0°. 'Jj^e free space amplitudes of Gopal et al. 
used. 
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FIG. 6: Diagram of the impulse approximation for the {K ,N) reaction on the nuclear target A. 
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FIG. 7: Momentum transfer ^'(0°) to the K nuclear states for the forward K~ + N ^ N + K 
reaction on the target, as a function of the lab momentum. Here the ^^C target is used. The 
K binding energies are taken to be Bj^ = 0, 50, 100 MeV. The negative value of q{0°) means that 
the residual K recoils backward relative to the forward incident K~ . See also in the text. 
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FIG. 8: The kinematical factor /3(0°) and a(0°), which are given by Eq. (I29|) and Eq. (IB11|) . respec- 
tively, transforming from the two-body K~+N system to the many-body i^^+nucleus system, as 
a function of the K~ lab momentum Px-. The K binding energies are taken to be Bf^ = 0, 50, 
100 MeV. The target was used. 
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FIG. 9: The absolute values of the Fermi-averaged lab cross sections at ^lab = 0° for the isospin 
AT = 0, 1 states for the n) reaction on an isospin-0 target such as ^^C, as a function of 

the K~ lab momentum p^-. The Fermi- averaged lab cross sections for K~ -|- n — > n -|- K~ ^ and 
K~ — > n -|- ^ and K~ — > p -|- K~ processes are also shown. The free space amplitudes of 
Gopal et al. [4j] were used. 
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FIG. 10: Ratio of the Fermi-averaged cross section a {AT =0)/ a {AT =1) in isospin basis or 
a{K~)/a{K^) in the char ge basis, as a function of K~ lab momentum px-- The free space 



amplitudes of Gopal et al. [4J] were used. These ratios refer to relative {K~ , n) cross sections for 
an isospin-0 target, leading to final K nuclear configuration having a good isospin, or, a specific 
charge state. 
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FIG. 11: Real and imaginary parts of the i^-nucleus DD potentials for (left) and (right) 



^Mg. The solid and dashed curves denote the potentials for total isospin of T = and 1 states, 
respectively. The imaginary parts of the potentials draw for Bj^ = MeV and 135 MeV to see the 



effects of the phase space factors given by Mares 
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FIG. 12: Shape of the strength function 5^p°'°^(£') for the unstable nuclear and atomic states in 
the K~ ® system as a function of E^-; (a) ArgiVcff = 0.08° at B^- = -130 MeV and F^- = 
25 MeV for the transition Ip-i (Is)^-, AL = 1, (b) ArgA^cir = 98.3° at Bj^- = +23 MeV and 
rj^_ = 87 MeV for the transition Isi {2s)k-, AL = 0, and (c) ArgA^cff = -157.9° at B^- = 
—199 keV and Fj^- = 41.6 keV for the transition Ips — > (Is)atom; AL = 1. The dotted line denotes 
the position of Bj^~ for each case. 
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FIG. 13: The integrated cross sections (top) and the corresponding proton spectrum (bottom) 
for ^-Be from ^^C{K~, p) reactions at px- = 1-0 GeV/c and ^lab = 0°. The values of the 
integrated cross section are estimated, omitting the imaginary part of the ^-nucleus DD potential 
63], whereas the spectrum is obtained by using the ^-nucleus DD potential with the imaginary 



part multiplying the phase space factor 



67| . The arrow denotes the ttS decay threshold of about 



Ej^- ~ 100 MeV. Note that the background and the continuum states for K are not included. 
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FIG. 14: Angular distribution of the lab cross sections for j^'-Be by {K~ , p) reactions on a ^^C at 
Px- = 1.0 GeV/c. The solid and dotted curves denote for the transitions Ips — > (Is)^-, (Id)^^- 

2 

with AL = 1 or 3, and Ip-i {2s)x- with AL = 1, respectively. The dashed curve denotes for 

2 

the transitions Isi (Ip)a'- with AL = 1. The labeled (— ) denotes the negative value for the 
cross section which means that the shape of the states grows into an upside-down peak with the 
background. 
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FIG. 15: Angular distribution of the lab cross sections for ]^-Be by ^'^C{K~, p) reactions at pj^- = 
1.0 GeV/c. The solid curves denote for the transitions Isi (ld)j^- and Ipa (Ip)a'- with 

2 2 

AL = 2, and the transition Isi — > Isj^- with AL = 0. The dotted and dashed curves denote for 

2 

the transitions Isi {2s)x- with AL = and Ipa i^p)K- with AL = 0, respectively. See the 

2 2 

caption in Fig. UM 
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FIG. 16: The integrated cross sections for from ^'^C{K~, n) reactions at pj^~ = 1.0 GeV/c 
and ^lab = 0°, using the DD potential (top). The solid and dashed lines denote the values of the 
cross sections for T = and 1 states, respectively, omitting the imaginary parts of the potential. 
The inclusive {K~ , n) spectrum for from ^'^C{K~ , n) reactions at p^- = 1-0 GeV (bottom). 
The dotted curves denote the contributions from isospin T = and T = 1 states. See the caption 
of Fig. [m 
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FIG. 17: The integrated cross sections (top) and the corresponding proton spectrum (bottom) for 
^„Mg from ^^Si(i^~, p) reactions at pp^- = 1.0 GeV/c and 0iab = 0°. The dashed, dotted and 
dot-dashed curves denote the contributions from Ids, Ipi, Ips proton-hole states, respectively. 

2 2 2 

See the caption of Fig. [13l 
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